The mitochondrial inner membrane possesses distinct subdomains including cristae, which are lamellar structures invaginated into the mitochondrial matrix and contain the respiratory complexes. Generation of inner membrane domains requires the complex interplay between the respiratory complexes, mitochondrial lipids and the recently identified mitochondrial contact site and cristae organizing system (MICOS) complex. Proper organization of the mitochondrial inner membrane has recently been shown to be important for respiratory function in yeast. Here we aimed at a molecular diagnosis in a brother and sister from a consanguineous family who presented with a neurodegenerative disorder accompanied by hyperlactatemia, 3-methylglutaconic aciduria, disturbed hepatocellular function with abnormal cristae morphology in liver and cerebellar and vermis atrophy, which suggest mitochondrial dysfunction. Using homozygosity mapping and exome sequencing the patients were found to be homozygous for the p.(Gly15Glufs*75) variant in the QIL1/MIC13 (C19orf70) gene. QIL1/MIC13 is a constituent of MICOS, a six subunit complex that helps to form and/or stabilize cristae junctions and determine the placement, distribution and number of cristae within mitochondria. In patient fibroblasts both MICOS subunits QIL1/MIC13 and MIC10 were absent whereas MIC60 was present in a comparable abundance to that of the control. We conclude that QIL1/MIC13 deficiency in human, is associated with disassembly of the MICOS complex, with the associated aberration of cristae morphology and mitochondrial respiratory dysfunction. 3-Methylglutaconic aciduria is associated with variants in genes encoding mitochondrial inner membrane organizing determinants, including TAZ, DNAJC19, SERAC1 and QIL1/MIC13.
INTRODUCTION
Mitochondria are double membrane organelles that perform many essential functions in cells, most notably the production of ATP via oxidative phosphorylation. Mitochondrial function is linked to its form. Although mitochondria are dynamic within cells, they also possess highly organized inner membrane ultrastructure. The mitochondrial inner membrane (IMM) is exceptionally protein dense in nature as a consequence of the abundance of resident respiratory complexes required for oxidative phosphorylation. The IMM possesses distinct morphological and compositionally distinct subdomains, including the inner boundary membrane (IBM) and cristae membranes. The IBM is tightly apposed to the outer mitochondrial membrane and contains the mitochondrial import and assembly machineries. The cristae membranes are lamellar structures that are invaginated into the mitochondrial matrix and contain the respiratory chain complexes. 1, 2 The cristae are separated from the IBM by narrow tubular openings termed cristae junctions (CJs), which are thought to limit the dynamic distribution of the proteins along the IMM and partition the metabolite content of the intracristal and the intermembrane spaces. 3 The mechanisms underlying the lateral organization of the inner membrane into subdomains are not completely understood. Recently, however, a protein complex highly conserved from yeast to humans named 'mitochondrial contact site and cristae organizing system' (MICOS), was discovered and implicated in inner membrane structure. [4] [5] [6] Evidence suggests that MICOS helps to form and/or stabilize CJs and to determine the placement, distribution and copy number of cristae within mitochondria. The complex is composed of six conserved core subunits, organized into at least two functionally non-redundant subcomplexes. [7] [8] [9] Recently the Human protein QIL1/MIC13 was identified as the structural ortholog of yeast Mic12 and was shown to be required for MICOS complex stability. 8, 10 Specifically, loss of QIL1/MIC13 in cells leads to destabilization of human MIC10, MIC26 and MIC27 and consequently severe IMM morphological defects. 8 Here we report that variants in QIL1/MIC13 cause a mitochondrial disease in humans, underscoring the conservation of MICOS in mitochondrial ultrastructure and its importance for mitochondrial function in human physiology.
PATIENTS AND METHODS Patients
Patient II-1 ( Figure 1a ) was a female, the first child of consanguineous (first cousins once removed) parents of Moslem origin. The patient was born at 42 weeks of gestation by normal vaginal delivery after an uneventful pregnancy. She was small for gestational age (2600 g, 5th-10th 11 percentile), with median length and head circumference; Apgar scores were 9 and 10 at 1 and 5 min, respectively. At the age of 3 months she was first evaluated because of failure to thrive. At that age she was alert, responsive, smiled socially and followed moving objects; the neurological examination was reported normal. On followup examination at 10 months she was still failing to thrive (6400 g o2nd percentile, − 2.36SD, length − 67 cm, 5th percentile) and had acquired microcephaly (head circumference 41 cm, o3rd percentile, − 2.8SD). The neurological examination was grossly abnormal with lack of voluntary movements, truncal hypotonia, head lag, limb spasticity, brisk peripheral tendon reflexes and positive Babinski sign. She did not focus her gaze and fundoscopy disclosed bilateral optic atrophy. Hearing could not be tested but brainstem evoked response audiometry was normal. Brain MRI at 1 year of age revealed cerebellar and vermis atrophy (Figures 1b and c) . Other systems were not involved and echocardiography was normal. The patient remained vegetative and was fed through a gastrostomy. At 2.5 years she presented with myoclonic seizures which were refractory to therapy and were the cause of her death at 5 years.
The third child in the family, a male (patient II-3), had an essentially similar course. The pregnancy, birth, Apgar score and growth parameters were normal with median head circumference (33.8 cm, 25th percentile) at birth. At 7 months he was referred for evaluation of marked generalized muscle hypotonia. On examination, he was alert and responsive, smiled socially, focused and followed moving objects. Generalized hypotonia and head lag were evident and the tendon reflexes were brisk. The weight was 6700 g (5th percentile) but head circumference dropped to o3rd percentile, − 3.3SD (40 cm). Neurological deterioration was striking at 10 months, when the patient was non-communicative, had no visual function and no voluntary movements; the head circumference was unchanged (o3rd percentile, − 4.6 SD). Brain MRI revealed cerebellar and vermis atrophy (Figure 1d ). Echocardiography at 10 months revealed nonobstructive hypertrophic cardiomyopathy. The patient was admitted at 12 months with stupor and failure to feed and died 3 days later.
Throughout life both patients had impaired liver functions with peak levels of plasma alanine aminotransferase 434 U/l (No34 U/l), aspartate aminotransferase 471 U/l (No35 U/l), gamma glutamyl transpeptidase 454 U/l (No33 U/l) and abnormal coagulation (international normalized ratio 2.0 (No1.3); bilirubin and alkaline phosphatase were normal as was plasma creatine kinase. Most mitochondrial fatty acid oxidation defects, peroxisomal biogenesis defects and protein glycosylation defects were excluded by the normal profile of acylcarnitines, very long-chain fatty acids and isoelectrofocusing of transferrins in plasma, respectively. Mitochondrial respiratory chain defect was suspected in both patients as plasma lactate levels were invariably increased to 4.0-6.0 μM (No1.3 μM), alanine level was 464 μM (No350 μM) and urinary organic acids analysis revealed increased excretion of 3-methylglutaconic and 3-methyglutaric acids and Krebs cycle metabolites. Muscle and liver biopsy were performed in patient II-1 at 15 months and 3 years of age, respectively. Muscle histology was normal but in liver chronic inflammatory infiltration with bile canaliculi proliferation, fibrotic septa and focal macrovesicular fatty changes were noted. Electron microscopy of the liver tissue revealed abnormally shaped, spherical mitochondria with loss of the normal architecture of the cristae which was replaced by concentric stacks of inner membrane (Figures 2a and b) . The enzymatic activities of the mitochondrial respiratory chain complexes 1, 2+3 and 4 in liver homogenate were beneath the lower limit of control range when normalized to citrate synthase (CS) and decreased to 0.206 U/U CS (range 0.211-0.557), 0.068 U/U CS (range 0.117-0.231) and 0.73 U/U CS (range 0.83-1.82), respectively, whereas complex 2 activity was within the control range (Supplementary  Table S1 ). In muscle mitochondria, these activities were within the normal range. The abnormal enzymatic pattern in liver tissue was suggestive of a defect in the synthesis of mitochondrial DNA (mtDNA) encoded proteins; however, in patient II-3 fibroblasts, the mtDNA/nuclear DNA ratio was within the normal range (128% of the control mean) as were the activities of the mitochondrial respiratory chain complexes and mitochondrial morphology. Furthermore, in his blood, the mtDNA was of normal length suggesting that the mitochondrial respiratory chain defect observed in the liver tissue was not the result of a primary impairment in mtDNA replication or maintenance.
Methods
Homozygosity mapping. Homozygosity mapping was performed with DNA samples of the patients II-1 and II-3 and their healthy sister II-2. We used Genechip Human mapping 250 K SNP array (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's protocol. Briefly, digestion with NspI, ligation of the adaptor, and amplification with a generic primer that recognizes the adaptor sequence were followed by fragmentation, end labeling and hybridization to the chip in accordance with the manufacturer's instructions. Homozygous regions 42.5 Mb were manually detected.
Whole-exome analysis. Exonic sequences were enriched in the DNA sample of patient II-3 using SureSelect Human All Exon 50 Mb Kit (Agilent Technologies, Santa Clara, CA, USA). Sequences were determined by HiSeq2000 (Illumina, San Diego, CA, USA) and 100-bp were read paired-end. Reads alignment and variant calling were performed with DNAnexus software (San Francisco, CA, USA) using the default parameters with the human genome assembly hg19 (GRCh37) as a reference. We then removed variants that resided on Chr.X, were called less than X8, were off-target, heterozygous, synonymous, MAF41% in Exome Aggregation Consortium (ExAC, Cambridge, MA, USA) or MAF44% at the Hadassah in house database. Parental consent was given for DNA studies and the study was performed with the approval of the ethical committees of Hadassah Medical Center and the Ministry of Health.
Study of MICOS complex in patient fibroblasts. Cultured skin fibroblasts of patient II-3 and a healthy control grown in RPMI supplemented with 20% FBS and penicillin/streptomycin were lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% sodium deoxycholate, 1% NP40, 1% SDS, 1 mM EDTA) with 1 × Protease Inhibitor Mixture I (EMD Millipore, Merck KGaA, Darmstadt, Germany) and incubated on ice for 30 min. Lysates were cleared by centrifugation at 13 000 g for 10 min at 4°C. 6 × Laemmli sample buffer was added and equivalent amounts of protein, determined by Bradford assay, were resolved by SDS-PAGE, transferred to nitrocellulose membrane (BioRad, Hercules, CA, USA) and immunoblotted with the following primary antibodies: α-QIL1/MIC13 (Sigma, Darmstadt, Germany, SAB1102836); α-MIC10 (Aviva, San Diego, CA, USA, ARP44801-P050); α-MIC60 (Proteintech, Rosemont, IL, USA, 10179-1-AP); and α-GAPDH (Sigma, G9545). Anti-rabbit IgG secondary antibody conjugated to DyLight 800 (Thermo Fisher Scientific, Waltham, MA, USA, PISA535571) was used and visualized with the Odyssey Infrared Imaging System (LI-COR, Lincoln, NE, USA). Linear adjustments to images were made using Adobe Photoshop.
RESULTS
A frameshift variant in the QIL1/MIC13 gene segregates with disease The homozygosity mapping using samples of the two patients and their healthy sister yielded five regions where the patients, but not their unaffected sister, were homozygous for multiple long stretches of SNPs with identical genotype (Supplementary Table S2A ). These regions, totally spanning 72.4 Mb of genomic DNA, included 50 genes predicted to function within the mitochondria (MitoCarta2.0) (Supplementary Table S2A ). We therefore performed exome analyses in patient II-3 DNA. This analysis yielded 53.75 million confidently mapped reads (mean coverage X63). Following reads alignment, variant calling and filtration as described in Methods, 10 homozygous variants remained within the linked regions (Supplementary Table  S2B ) but only 1 of them was also present in the MitoCarta2.0 list and segregated in the rest of the family as determined by Sanger sequencing. This was hg19 chr19:g.5679760 delC, NM_205767 c.44delC, p.(Gly15Glufs*75) in the C19ORF70 (QIL1/MIC13) gene. The two patients were homozygous for the variant and the parents and their two healthy daughters were heterozygotes (Figure 1a) . The variant was not present in the ExAC database (accessed August 2015) or in the Hadassah database (~650 ethnic matched patients).
QIL1/MIC13 and MIC10 proteins are undetectable in patient fibroblasts QIL1/MIC13 encodes a 118 amino acid protein recently shown to be a constituent of the mature MICOS complex and required for MICOS complex stability and the stability of MICOS subunits, MIC10, MIC26 and MIC27, but not for the stability of MIC60, MIC19 and MIC25. 8 The p.(Gly15Glufs*75) variant is predicted to encode a shorter, mostly missensed protein that is likely to be unstable and/or non-functional.
We examined the status of QIL1/MIC13 in cultured skin fibroblasts of patient II-3 by western blot analysis (Figure 3a) . The analysis revealed that both QIL1/MIC13 and MIC10 were undetectable as compared with control fibroblasts extracts. In contrast, MIC60 was present in extracts from cultured skin fibroblasts of patient II-3 in a comparable abundance to that of the control. Thus, the MICOS complex phenotype in cells of patient II-3 is comparable to that observed in cells depleted of QIL1/MIC13 (Figure 3b and ref. 8 ).
DISCUSSION
The two described patients suffered from a lethal neurodegenerative disorder of infantile onset accompanied by hepatocellular dysfunction. Mitochondrial respiratory chain defects were a suspected cause based on increased plasma lactate and alanine levels, and abnormal urinary organic acid profile with 3-methylglutaconic aciduria and excessive excretion of Krebs cycle metabolites. This was confirmed by the finding of decreased activities of mitochondrial respiratory chain complex 1, 3 and 4 in the liver of patient II-1 (Supplementary Table S1 ). Exome analysis revealed that both patients had a homozygous frameshift variant in QIL1/MIC13, which resulted in the complete absence of the QIL1/MIC13 protein in the patient fibroblasts (Figure 3a) . QIL1/MIC13 is a recently described core component of MICOS complex (Figure 3b ) and a structural ortholog of yeast Mic12. 10 MICOS is proposed to act as a master regulator/integrator of IMM shape and organization. In human cells the MICOS complex forms from a stable MIC60-MIC19-MIC25 subcomplex that requires QIL1/ MIC13 for the binding of MIC10, MIC26 and MIC27. 8 Depletion of QIL1/MIC13 in human cells by siRNA results in MICOS disassembly, accumulation of MIC60-MIC19-MIC25 subcomplex and loss of MIC10, MIC26 and MIC27 8 with associated transformation of normal cristae structure to abnormal stacking or onion-like inner membrane morphology. Consistent with a loss of QIL1/MIC13 function in our patient cells, both QIL1/MIC13 and MIC10 were undetectable, whereas MIC60 was present at normal abundance. In addition, stacked IMM disconnected from the IBMs were observed in the liver mitochondria of our patient -a characteristic phenotype similar to that observed in yeast and human cells lacking MICOS function. [4] [5] [6] 8, [11] [12] [13] The cause of deterioration in our patients could be the mitochondrial respiratory chain dysfunction, which mainly affected the central nervous system, the liver and the heart. The respiratory growth defect observed in yeast strains lacking MICOS has been attributed to impaired organization and/or position of the respiratory complex III and IV. 7 Cristae architecture may be important for producing an optimal distance between residing electron transporting chain complexes, specifically between complex III/IV supercomplexes, localized at lamellar regions, and ATP synthase oligomers localized to the curved edges. [14] [15] [16] [17] This is the first description of a defect in a MICOS subunit in human. As predicted from previously reported yeast observations our analysis shows that the MICOS assembly plays an essential role in mitochondrial respiratory chain function. QIL1/MIC13 deficiency joins the growing list of defects in IMM-organizing determinants. Of interest, these defects, including TAZ or DNAJC19 variants (resulting in cardiolipin remodeling defects) and SERAC1 variants 
